Abstract Nickel-dependent superoxide dismutase (Ni-SOD) is a member of a class of metalloenzymes that protect aerobic organisms from the damaging superoxide radical (O 2 Á-). A distinctive and fascinating feature of NiSOD is the presence of active-site nickel-thiolate interactions involving the Cys2 and Cys6 residues. Mutation of one or both Cys residues to Ser prevents catalysis of O 2 Á-, demonstrating that both residues are necessary to support proper enzymatic activity (Ryan et al., J Biol Inorg Chem, 2010). In this study, we have employed a combined spectroscopic and computational approach to characterize three Cys-to-Ser (Cys ? Ser) mutants (C2S, C6S, and C2S/C6S NiSOD). Similar electronic absorption and magnetic circular dichroism spectra are observed for these mutants, indicating that they possess nearly identical active-site geometric and electronic structures. These spectroscopic data also reveal that the Ni 2? ion in each mutant adopts a high-spin (S = 1) configuration, characteristic of a five-or six-coordinate ligand environment, as opposed to the lowspin (S = 0) configuration observed for the four-coordinate 
Introduction
The superoxide radical anion (O 2 Á-), which is formed during aerobic metabolism, causes oxidative damage of several biological molecules [1] [2] [3] [4] [5] [6] . As a result, O 2 Á-has been implicated in a number of medical conditions and disorders, including Alzheimer's and Parkinson's diseases, certain cancers, familial amyotrophic lateral sclerosis, and aging in general [7] [8] [9] [10] [11] [12] [13] [14] [15] . In an effort to reduce the concentration of O 2 Á-, nature has evolved a family of metalloenzymes known as superoxide dismutases (SODs) that disproportionate O 2 Á-to dioxygen (O 2 ) and hydrogen peroxide (H 2 O 2 ) via a two-step ping-pong catalytic mechanism in which the metal center (M) cycles between reduced and oxidized states (Eqs. 1, 2) [3, [16] [17] [18] .
To date, three distinct classes of SODs, distinguished by their different redox-active metal centers, have been thoroughly investigated; namely, Fe-, Mn-, and Cu, Zn-SOD [17, 19, 20] . In comparison, relatively little is known about Ni-dependent superoxide dismutase (NiSOD), which is the most recently discovered member of the SOD family. Nevertheless, research carried out in the last decade revealed that NiSOD is strikingly different from the other SOD members in terms of its spectroscopic properties, active-site ligand environment, and amino acid sequence. This enzyme, found in Streptomyces species [21, 22] and several cyanobacteria [23] , is typically a homohexamer of approximately 13 kDa monomers, each containing one Ni atom [24, 25] . The Ni center, located at the N terminus of the protein, is held in place by the ''Ni-hook'' motif, which consists of six conserved amino acid residues. Within this Ni-hook, the Ni 3? ion of the oxidized enzyme (NiSOD ox ) is found in a five-coordinate, square-pyramidal ligand environment with the imidazole donor from a histidine (His1) in the axial position and two cis-thiolates from cysteine residues (Cys2 and Cys6), a deprotonated amide from the Cys2 backbone, and the N-terminal -NH 2 group of His1 in the equatorial positions ( Fig. 1) [24, 25] . In the reduced Ni 2? -bound state (NiSOD red ), the distance between Ni and His1 is significantly larger, resulting in a square-planar ligand environment of the Ni 2? ion [24, 25] . Compared with other SOD enzymes, NiSOD is unique. With the exception of Cu, Zn-dependent SOD, NiSOD is the only member of the SOD family in which the coordination number changes as a function of metal ion oxidation state [26] . Moreover, NiSOD's active-site environment is strikingly different from those observed for the other SODs as well as related metalloenzymes. Although coordination by deprotonated amides is observed for several metalloproteins [27, 28] , ligation by the N-terminal amine has been established in only very few cases [29, 30] , such as the CO sensor protein CooA [31] . Ligation by the equatorial Cys thiolates in NiSOD is remarkable, as these residues are susceptible to oxidation by derivatives of O 2 Á-.
The susceptibility of thiolates to strong oxidants has been demonstrated by the immediate oxidation of these highly nucleophilic ligands by oxygenation [32] [33] [34] [35] [36] [37] [38] [39] , alkylation [33, 37, 38, 40, 41] , and protonation [42] in various synthetic Ni 2? -N x S y species. Nevertheless, previous studies have shown that the redox activity of NiSOD is metalcentered, not ligand-based [43] [44] [45] .
Although thiolate ligation in NiSOD is distinct among the SOD family, it has also been observed in four other crystallographically characterized redox-active Ni-containing metalloenzymes [46] , including [NiFe] hydrogenases [47] , CO dehydrogenases [48] , acetyl CoA synthase [27] , and methyl coenzyme M reductase [49] . In contrast, a variety of Ni-binding proteins and Ni-containing metalloenzymes featuring a N/O ligand environment are redox-inactive [46, [50] [51] [52] [53] . On this basis, the unusual coordination by Cys2 and Cys6 was proposed to properly tune the reduction potential of NiSOD [54] . In fact, the metal ion reduction potential of wild-type NiSOD, E°[Ni 3? /Ni 2? ] = 290 mV (vs. the normal hydrogen electrode) [55] , lies approximately midway between the potentials for the oxidation and reduction of O 2 Á-(E°= 160 and 890 mV vs. the normal hydrogen electrode, respectively) [56] . It has been demonstrated that Ni complexes with N/O ligation have considerably higher Ni 3?/2? potentials, but substitution with anionic S-donor ligands lowers E°significantly, suggesting that thiolate ligands in redox-active Ni-containing metalloenzymes are necessary for catalytic activity [57] [58] [59] .
In a manner similar to that of other SODs, the protein environment surrounding the Ni ion influences the enzyme activity. Computational work by Fiedler et al. [43] led to the suggestion that the Ni-thiolate bonding interactions are crucial with respect to the activity of NiSOD. Filled-filled p interactions between occupied Ni 3d (xz/yz) and S/N p-based orbitals from the thiolates and the deprotonated amide result in destabilized redox-active molecular orbitals (MOs), thereby facilitating electron transfer to O 2 Á-and promoting Ni 2? -based oxidation over S-based oxidation. Because the Ni-thiolate bonds are seemingly incompatible with the NiSOD catalytic reaction, an outer-sphere mechanism was proposed as opposed to an inner-sphere mechanism for the disproportionation of O 2 Á-. However, the molecular mechanism for the reduction and oxidation of O 2
Á-
employed by NiSOD is still under debate. In an effort to settle this issue, azide (N 3 -), a popular O 2 Á-analogue, was used to assess whether substrate can bind directly to the metal center of NiSOD. This anion is particularly useful, as it is similar to O 2 Á-in size, charge, and nature of the frontier orbitals [60, 61] . An electron paramagnetic resonance (EPR) study carried out by Barondeau et al. [24] demonstrated that as-isolated NiSOD produced fine structure in the g y region with 14 N-labeled azide. This region was unaffected with 15 Nlabeled azide, precluding a direct interaction between the anion and the Ni center, thus arguing against inner-sphere binding. Alternatively, a recent study by Tietze et al. [62] revealed that cyanide can access the Ni center of a NiSOD red peptide that exhibits an absorption spectrum similar to that of the native enzyme, which prompted the authors to suggest inner-sphere binding of substrate during catalysis.
To evaluate the importance of the active-site Cys thiolates with respect to the NiSOD properties, Ryan et al. [63] studied the kinetic and X-ray spectroscopic properties of three NiSOD mutants in which one or both Cys residues were mutated to Ser (C2S, C6S, C2S/C6S NiSOD). Their results revealed that a single Cys-to-Ser (Cys ? Ser) mutation is sufficient to cause a complete loss of SOD activity, highlighting the importance of these Cys residues. However, the lack of X-ray crystal structures for any of the Cys ? Ser NiSOD mutants precluded an interpretation of these results in terms of altered active-site geometric and electronic properties of the variants. To address this issue, we have used electronic absorption, circular dichroism (CD), and magnetic CD (MCD) spectroscopies in conjunction with density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations to explore the active-site properties of the three Cys ? Ser NiSOD mutants. Our computational method was validated by carrying out parallel calculations on the H134A urease mutant [64] , which exhibits MCD spectral features strikingly similar to those of the Cys ? Ser NiSOD mutants. The spectroscopic and computational results obtained in this study provide significant insight into the factors contributing to the lack of SOD activity displayed by these three mutants.
Materials and methods

Sample preparation
The expression, purification, and metallation of the C2S, C6S, and C2S/C6S NiSOD variants were carried out as described in [63] . For room temperature electronic absorption and CD studies, protein samples were prepared in 50 mM tris(hydroxymethyl)aminomethane (Tris) buffer (pH 8.5). Samples for the CD and MCD studies were prepared in approximately 55% (v/v) mixtures of glycerol and either 50 mM Tris or 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer. The final Ni concentrations for C2S, C6S, and C2S/C6S NiSOD in 50 mM Tris buffer were 4.14, 4.50, and 4.01 mM, respectively. The azide-treated C2S/C6S NiSOD sample was prepared by the addition of 56 lL of an aqueous NaN 3 solution (5 M, 50 mM Tris) to 140 lL of C2S/C6S NiSOD (10 mM), corresponding to an N 3 -to Ni ratio of approximately 200:1. The azide-treated C2S and C6S NiSOD samples were prepared by the addition of 22.4 lL of an aqueous NaN 3 solution (5 M, 50 mM Tris) to 140 lL of C2S and C6S NiSOD (10 mM), corresponding to an N 3 -to Ni ratio of approximately 80:1. The final Ni concentrations for the C2S, C6S, and C2S/C6S NiSOD azide-treated samples were 3.58, 4.88, and 2.49 mM, respectively. For low-pH studies of the Cys ? Ser NiSOD mutants, the 50 mM Tris buffer (pH 8.5) was exchanged for 50 mM MES buffer (pH 5.5) by centrifugation. The final Ni concentrations for the C2S, C6S, and C2S/C6S NiSOD samples at low pH were 2.7, 2.2, and 3.2 mM, respectively.
Spectroscopy
Room temperature electronic absorption spectra were collected with a Varian Cary 5E spectrophotometer. Low and room temperature CD data were obtained using a JASCO J-715 spectropolarimeter. Low temperature MCD spectra were collected using the JASCO J-715 instrument in conjunction with an Oxford Instruments SM-4000 8 T superconducting magnetocryostat at 4, 8, 15, 30, and 50 K. CD and glass-strain contributions to the MCD spectra were removed by subtracting the -7 T data from the ?7 T data.
Computations
The Amsterdam Density Functional 2006.01 software package was used to perform spin-unrestricted DFT geometry optimizations [65] [66] [67] [68] [69] of the active-site models described later. These computations were carried out using Amsterdam Density Functional triple-f Slater-type orbitals with a single set of polarization functions (basis set IV), an integration constant of 4.0, and the Vosko et al. [70] local density approximation, along with the nonlocal gradient corrections of Becke [71] and Perdew [72] . The core orbitals were frozen through 1s (C, N, and O) and 2p for Ni.
H134A urease active-site model
Initial coordinates for the active-site model of the crystallographically characterized H134A urease mutant were obtained from the Protein Data Bank (file 1FWI) [64] . The active-site model consisted of the central Ni ion, three-coordinated water molecules, a carbamylated lysine, and two His ligands. The amino acid residues were truncated at the a-carbon, and hydrogen atoms were added to convert these a-carbons into terminal methyl groups. The model was subjected to a constrainedgeometry optimization in which the positions of all of the a-carbons were kept fixed, whereas the remaining atoms were allowed to move freely. The Cartesian coordinates for the H134A urease model are included in the Supporting Information (Table S10 ).
C2S/C6S NiSOD active-site models
Initial coordinates for the five-coordinate C2S/C6S
5-c and six-coordinate C2S/C6S 6-c active-site models were derived from the crystal structure of wild-type NiSOD ox deposited in the Protein Data Bank (file 1TU6) [24] . In all protein active-site models considered, the amino acid residues were truncated at the a-carbon, with the exception of His1, which was modeled as an imidazole, and hydrogen atoms were added to covert the terminal carbon atoms into methyl groups. The coordinates of these terminal methyl groups were held fixed throughout the geometry optimizations, whereas all other atoms were allowed to move freely. To generate the perturbed C2S/C6S
6-c models used to reconcile our MCD and DFT computational results with the X-ray absorption spectroscopy (XAS) data presented in [63] (see ''Discussion''), the Ni-OH 2 bond distance in the DFT geometryoptimized C2S/C6S
6-c active-site model was systematically lengthened in fixed increments of 0.15 Å from the unperturbed distance of 2.57 Å , whereas the coordinates of all other atoms were kept fixed. The Cartesian coordinates for the DFT geometry optimized C2S/C6S
5-c and C2S/C6S
6-c NiSOD active-site and perturbed C2S/C6S
6-c models mentioned in the text are provided in the Supporting Information (Tables S11-S15). 
TD-DFT calculations
The TD-DFT calculations for all protein active-site models were performed in ORCA using Becke's three-parameter hybrid functional for exchange combined with the LeeYang-Par correlation functional (B3LYP) [71, 77, 78] . The SV(P) (Ahlrichs's polarized split valence) basis [79] with the SV/C auxiliary basis [80] was used for all atoms except for Ni, which was described with the TZV(P) (Ahlrichs's polarized triple-f valence) basis [81] . Isosurface plots of the MOs were generated with the gOpenMol program using an isodensity of value of 0.045 a.u. [82] .
Results
Spectroscopic results
The room temperature electronic absorption spectra of C2S, C6S, and C2S/C6S NiSOD ( Fig. 2) chromophores [83] [84] [85] [86] [87] . The MCD spectra of the mutants ( Fig. 3 ) display three intense, negatively signed features at approximately 9,500, 15,500, and 28,000 cm -1 , along with very weak negatively signed bands at about 13,000, 17,000, and 24,000 cm -1 . The entire spectrum exhibits temperature-dependent C-term behavior, verifying that each observed feature is associated with a high-spin Ni 2? center [88] . This finding explains the lack of an EPR signal displayed for the Cys ? Ser NiSOD mutants [63] . High-spin Ni 2? species typically exhibit a rather large zero-field splitting, preventing the use of conventional X-band EPR measurements, thus rendering the Ni 2? ion ''EPR-silent'' [89] . Interestingly, the strong resemblance of the electronic absorption, CD (Fig. S1 ), and MCD spectra obtained for all three mutants indicates nearly identical active-site environments. Although this result was rather unexpected, it is consistent with the similarity of the Ni 2? 1s ? 3d transition energies and intensities of these mutants in the X-ray absorption spectra obtained by Ryan et al. [63] .
Typically, paramagnetic Ni 2? complexes possess either a five-coordinate or a six-coordinate coordination environment that can be distinguished by electronic absorption spectroscopy on the basis of the energies of the three spinallowed ligand-field (LF) transitions from the 3 A 2g ground state to the 3 T 2g , 3 T 1g (F), and 3 T 1g (P) excited states (using symmetry labels from the O h parent point group) [87] . It is well known that six-coordinate Ni 2? systems display three electronic absorption bands in the ranges 7,000-13,000, 11,000-20,000, and 19,000-28,000 cm 3 T 1g (P) LF transitions remain between 7,000 and 25,000 cm -1 [83, 87, [91] [92] [93] [94] . Consequently, the presence of only two broad, near-UV/vis features in the electronic absorption spectra of the Cys ? Ser mutants as well as the relatively high intensities of the major electronic absorption band (e [ 30 M -1 cm -1 ) appear to favor a fivecoordinate active site [87] . This hypothesis is supported by the X-ray absorption near edge structure data obtained by Ryan et al. [63] , given that the Ni 1s ? 3d peak areas are in the range 0.059-0.067 eV for the Cys ? Ser mutants. However, although the lack of a discernible near-IR electronic absorption feature may suggest that the mutants possess a five-coordinate active site, it is possible that the intensity of the 3 A 2g ? 3 T 2g transition is too weak to produce a noticeable electronic absorption feature.
Because MCD spectroscopy offers a considerably more sensitive probe of paramagnetic metal centers than electronic absorption spectroscopy, the former provides a better method for determining the number and energies of the spin-allowed LF transitions for high-spin Ni 2? species. Indeed, the MCD spectra reported for a variety of wellcharacterized high-spin Ni 2? complexes [64, [95] [96] [97] [98] [99] [100] [101] [102] [103] ] exhibit three intense temperature-dependent bands due to the 3 A 2g ? 3 T 2g , 3 T 1g (F), and 3 T 1g (P) LF transitions, whereas the electronic absorption spectra often lack a distinct feature associated with the 3 A 2g ? 3 T 2g transition. Similarly, the MCD spectra of the Cys ? Ser NiSOD mutants display three intense bands that fall within the ranges for the 3 A 2g ? 3 T 2g , 3 A 2g ? 3 T 1g (F), and 3 A 2g ?
3 T 1g (P) transitions, thus providing evidence for a six-coordinate Ni 2? center as opposed to a five-coordinate metal ion environment. The presence of additional weak bands in the MCD spectra is indicative of a splitting of the three LF excited states observed for rigorously octahedral Ni 2? species, consistent with the expectation that the mutants possess a distorted six-coordinate active site [103] .
Gaussian deconvolutions
To determine the number and energies of the transitions contributing to the electronic absorption, CD, and MCD spectra of the Cys ? Ser NiSOD mutants, we performed a simultaneous Gaussian deconvolution of these spectra. Only the spectral analysis for the C2S/C6S NiSOD mutant is presented here (Fig. 4, Table 1 ), since virtually identical results were obtained for the C2S and C6S NiSOD variants (Figs. S2, S3, Tables S1, S2). A minimum of 11 Gaussian bands were required to achieve satisfactory agreement between the simulated and experimental spectra. On the basis of their large ratios of MCD intensity to electronic absorption intensity (|De|/e ratios), bands 2-4, 8, and 9 can be attributed to transitions primarily involving Ni 3d-based MOs (note that the |De|/e ratios for bands 8 and 9 are considerably lower than those for bands 2-4, consistent with the results reported for other high-spin Ni 2? complexes) [96] . Although the |De|/e ratio for band 1 could not be determined, a LF transition is likely responsible for this band given its low energy and high MCD intensity. Alternatively, bands 5 and 6, which correspond to the intense, oppositely signed CD features that produce the dominant contributions to the electronic absorption spectrum, possess significantly lower |De|/e ratios and therefore are attributed to transitions possessing primarily charge transfer character with negligible contributions from the Ni 3d orbitals. The small |De|/e ratios found for bands 10 and 11 also suggest that the corresponding transitions have mainly charge transfer character. Lastly, the narrow width, low MCD intensity, and absence in the electronic absorption spectrum indicate that band 7 is due to a spin-forbidden LF transition [103] .
Low-pH study
In the wild-type NiSOD crystal structure, two ordered water molecules are observed near the vacant sixth position, approximately 4.0 Å and approximately 3.6 Å away from the metal center in the Ni 3? and Ni 2? states [24, 25] . Consequently, it is conceivable that in the Cys ? Ser Ni-SOD mutants, an expansion of the active-site coordination environment occurs by binding of solvent to the high-spin Ni 2? ion. Varying the solvent pH of a metalloenzyme while monitoring relevant spectral features is a simple yet powerful technique used to probe the coordination of water molecules to a metal center. Therefore, this approach was employed in the present study to explore if solvent occupies the vacant position in the mutants' active site. Because the stability of wild-type NiSOD is maintained over the pH range of approximately 4.0-8.0, the Cys ? Ser NiSOD mutants were also studied at a pH of 5.5 (this value was chosen to ensure coordination of Ni to the corresponding enzyme active sites) [21] . On lowering the pH from 8.5 to 5.5, we observed minor to no changes in the electronic absorption and CD spectra of each of the Cys ? Ser Ni-SOD variants investigated (Figs. S4-S7 ). However, as demonstrated already, MCD spectroscopy provides a much more sensitive probe of the ligand environment of highspin Ni 2? centers. Indeed, a comparison of the MCD spectra of the Cys ? Ser NiSOD mutants obtained at pH 8.5 and 5.5 ( Fig. 5 ) reveals small, but discernable shifts not detected in the electronic absorption and CD spectra. The effect of lowering the pH on the Ni 2? LF transitions was assessed by conducting a simultaneous Gaussian deconvolution of the mutants' electronic absorption, CD, and MCD spectra at pH 5.5 (Figs. S8-S10, Tables S3-S5 ). This analysis revealed a redshift of the LF transitions associated with bands 1-4, 8, and 9 of the C2S and C6S NiSOD mutants and bands 1, 2, and 4 for C2S/C6S NiSOD, with the most notable shifts involving bands 1, 2, and 4 in each case (Table S6) . Although the similarity of the MCD data of the Cys ? Ser NiSOD mutants at pH 8.5 suggests nearly identical Ni 2? coordination environments (vide supra), the subtle differences in the MCD spectral shifts between the single and double mutants in response to lowering the pH provides further evidence that in each species the Ni 2? ion does indeed occupy the active site observed in wild-type NiSOD. Although the number of bands affected by lowering the pH differs among the single and double mutants, the redshifts likely reflect a significant lengthening of a Ni 2? -ligand bond and thus suggest the presence of coordinated solvent at the active sites of all three mutants. Indeed, similar band shifts were observed for synthetic six-coordinate (S = 1) Ni 2? complexes upon weakening of an axial ligand-Ni 2? bonding interaction [84, 104] . Note that in the case of the Cys ? Ser NiSOD mutants, the Ni-OH 2 bond could also be perturbed via a second-sphere effect, such as protonation of a residue involved in a hydrogen-bond interaction with the coordinated solvent.
Further support for the coordination of a solvent molecule to the Ni 2? ions of the Cys ? Ser NiSOD mutants was obtained by comparing the corresponding CD spectra obtained at room temperature and at 4 K (Fig. 6) . In each case, lowering the temperature causes the oppositely signed features at 21,500 and 24,200 cm -1 to blueshift by approximately 200 and 50 cm -1 , respectively. These band shifts are consistent with a slight structural rearrangement of the mutants' active sites, possibly involving a tighter binding of a solvent molecule to the Ni 2? center. Consistent with this hypothesis, modulating the temperature was shown to have a strong effect on the coordination of solvent in octahedral (S = 1) Ni 2? complexes with X 2 Y 2 Z 2 coordination spheres (where Z is water or another solvent molecule) [101, 102, [105] [106] [107] . These species generally exhibit significant thermochromic behavior owing to a change in coordination number from 6 to 4 with increasing temperature, which gives rise to dramatic changes in the corresponding electronic absorption and MCD spectra. In the case of the Cys ? Ser NiSOD mutants, the thermochromic behavior is much less pronounced as the Ni 2? ion likely remains at least five- 
coordinate at room temperature and thus maintains an S = 1 ground state.
Substrate analogue study
All SODs catalyze the disproportionation of O 2 Á-at rates that are at or near the diffusion limit [18, 19] , which prevents substrate-SOD intermediates from being trapped and studied. Therefore, small anion analogues of O 2 Á-are commonly employed to explore the active site/O 2 Á-interactions in SODs. For wild-type NiSOD, it was initially proposed that O 2 Á-coordinates directly to the Ni center [24] . However, on the basis of spectroscopic studies using the substrate analogue N 3 -, a close electronic mimic of O 2 Á-, it was concluded that the substrate does not actually have access to the NiSOD active site. Specifically, only minor shifts were observed in the MCD spectrum upon N 3 --treatment of NiSOD ox , ruling out the formation of an inner-sphere complex in the Ni 3? state [43] . Likewise, the Shearer laboratory [108] used the absence of noticeable shifts in the electronic absorption spectrum as evidence for the inability of N 3 -to access the Ni 2? center in a wildtype-like NiSOD red peptide (consisting of only the Ni-hook motif residues). Although these earlier studies demonstrated that azide is incapable of binding to the metal center in wild-type NiSOD, they did not provide any definitive clues as to whether formation of an inner-sphere complex is hindered by (1) the ligand environment imposed on the Ni ion and/or (2) second-sphere residues. Since the Ni 2? ions of the Cys ? Ser NiSOD mutants are likely coordinated by an easily displaceable axial water molecule (vide supra), they should also be accessible to small anions. Therefore, studies of the C2S, C6S, and C2S/C6S NiSOD mutants provide a unique opportunity for developing a better understanding of why N 3 -coordination to the Ni 2?
ion of wild-type NiSOD is inhibited. Addition of 80-100 equiv of N 3 -to the Cys ? Ser NiSOD mutants resulted in virtually no changes in the electronic absorption and CD spectra (Figs. S11-S14). However, small but noticeable shifts are observed in the mutants' MCD spectra (Fig. 7) . The relative band shifts are similar in each case, suggesting that the addition of azide has essentially the same effect on all three Cys ? Ser NiSOD mutants. Importantly, the small magnitude of these shifts argues against a direct interaction of this anion with the Ni 2? ion. Given the strong possibility that an easily displaceable water molecule resides within the active site of the three Cys ? Ser NiSOD mutants, this finding suggests that coordination of small anions, such as N 3 -, to the Ni center may be prevented by second-sphere residues. A recent study by Herbst et al. [55] of the Y9F NiSOD mutant in the presence of Cl -and Br -revealed an anion binding pocket consisting of the Tyr9 hydroxyl group and the amide hydrogens of the Cys6 and Asp3 backbones. On the basis of our spectroscopic data, it is quite likely that N 3 -coordinates to a similar anion binding pocket in the Cys ? Ser NiSOD mutants.
Computational results
Validation of computational approach
As mentioned earlier, our electronic absorption and MCD data appear to favor five-and six-coordinate active-site environments for the Cys ? Ser NiSOD mutants, respectively. Therefore, DFT and TD-DFT calculations were performed to optimize the geometries and predict the transition energies and electronic absorption intensities, respectively, for five-and six-coordinate active-site models. To validate the use of this computational approach, we performed analogous DFT and TD-DFT calculations on the structurally characterized active site of H134A urease, which contains a single, high-spin (S = 1) Ni centers, dominate the MCD spectrum of H134A urease [64] . This close similarity between the MCD spectral features of the H134A urease and Cys ? Ser NiSOD mutants suggests a similar six-coordinate Ni 2? ligand environment in all these species.
A constrained DFT geometry optimization carried out on the active site of H134A urease yielded a distorted O h Ni 2? center (Fig. 8) , consistent with structural and spectroscopic data for this mutant. However, the optimized Ni-N/O distances deviate significantly from those determined by X-ray crystallography (Table S7 ). This is not surprising, though, as the average Ni-N/O distance observed in the X-ray crystal structure (2.31 Å ) differs markedly from that obtained by extended X-ray absorption fine structure (EXAFS) studies (2.09 Å ) of H134A urease, which likely reflects the low resolution (2.0 Å ) of the crystal structure [64] . Importantly, the average Ni-N/O distance in the DFT-optimized structure (2.14 Å ) agrees very well with the distance determined by the EXAFS analysis. The optimized Ni-N distances for the H134A urease active-site model are also in good agreement with those reported for structurally similar, synthetic high-spin Ni 2? complexes, whereas the Ni-O bond lengths are overestimated by approximately 0.14-0.2 Å [84, 86, [109] [110] [111] [112] [113] [114] .
The TD-DFT-computed LF transition energies for the optimized H134A urease active-site model are presented in Table S8 , along with those obtained experimentally from an MCD spectroscopic study of H134A urease [64] . This comparison reveals that the TD-DFT method underestimates the highest LF transition energy by approximately 8,000 cm -1 , possibly because the single-determinantal wavefunction employed by DFT does not accurately describe the LF excited states of high-spin Ni 2? complexes [115] . The LF transition energies were therefore also calculated using the semiempirical INDO/S-CI method, which permits a multideterminantal representation of the excited states [75] . As shown in Table S8 , the INDO/S-CI approach leads to a significant increase of the highest LF transition energy and thus yields better agreement with the experimental results. Regardless of the computational method used, however, the calculated LF transition energies for H134A urease are in relatively good agreement with those determined experimentally.
Cys ? Ser NiSOD active-site models
Collectively, the close resemblance of the spectral data obtained for the Cys ? Ser NiSOD single and double mutants not only suggests nearly identical active-site structures for all three species, but also implies that the remaining Cys residue in C2S and C6S NiSOD does not coordinate to the Ni 2? ion. Because the positioning of this remaining Cys residue in the single mutants is unknown, computational studies were performed on hypothetical five-and six-coordinate active-site models for C2S/C6S NiSOD. In the five-coordinate C2S/C6S NiSOD model (C2S/C6S 5-c ), the S atoms of the Cys2 and Cys6 residues were replaced by hydroxyl groups to introduce the Cys ? Ser mutations (Scheme 1). Addition of an axial water molecule trans to the His1 imidazole ligand of C2S/ C6S 5-c produced the six-coordinate C2S/C6S NiSOD model (C2S/C6S
6-c ) (Scheme 1). Note that given the relatively high pK a of free Ser of 13.6 [116] , it seems likely that both Ser2 and Ser6 are in their neutral (protonated) forms in the C2S/C6S NiSOD mutant. Strong support for this assumption is provided by the good agreement between the experimental and computed transition energies for active-site models containing neutral Ser residues (vide infra).
The structural parameters for each geometry-optimized C2S/C6S NiSOD model are fairly reasonable (Table S9) again, longer than those determined experimentally for synthetic complexes [84, [118] [119] [120] .
The electronic structures of the two C2S/C6S NiSOD active-site models were analyzed using the spin-unrestricted DFT method in conjunction with B3LYP. Tables 2  and 3 summarize the computed MO energies and compositions for C2S/C6S 5-c and C2S/C6S 6-c , respectively, and the corresponding MO diagrams are presented in Fig. 9 . For both models, spin-polarization stabilizes the Ni d-based spin-up MOs relative to their spin-down counterparts, which leads to extensive mixing of the former with the ligand-based MOs. Therefore, for ease of analysis, only the spin-down MOs are considered here. To assess which of the two C2S/C6S NiSOD models provides a better description of the mutant's active site, the TD-DFT-computed transition energies and electronic absorption intensities for the two models were compared with the corresponding experimental data (Fig. 10) . For both the C2S/C6S 6-c model and the C2S/C6S 5-c model, LF transitions are predicted to be responsible for bands 1-4, 8, and 9, in agreement with the experimental data for C2S/C6S NiSOD. According to our spin-unrestricted TD-DFT calculations for both the C2S/C6S 6-c model and the C2S/C6S coordination number in the active-site models. Similar trends were noted from experimental studies of analogous five-and six-coordinate (S = 1) Ni 2? complexes upon partial or complete dissociation of an axial ligand [84] . From our DFT computations, these shifts are due, primarily, to a stabilization of the Ni d(z 2 )-derived and Ni d(x 2 -y 2 )-derived MOs from C2S/C6S
6-c to C2S/C6S 5-c . For both C2S/C6S NiSOD active-site models, the energy of the Ni d(yz) ? d(x 2 -y 2 ) transition (band 9) is underestimated by approximately 7,000 cm -1 . This is not unexpected, though, given that for the H134A urease active-site model the corresponding transition energy is similarly underestimated by the TD-DFT method. Comparison of the computed and experimental energies of the remaining transitions (Fig. 10 ) reveals that the C2S/C6S 6-c model yields considerably better agreement than the C2S/ C6S 5-c model, especially with regard to the position of band 1. Hence, our TD-DFT results lend further support to the proposal that the Cys ? Ser NiSOD mutants possess six-coordinate active sites, as initially inferred from our MCD spectral data. Our spectroscopic and computational data additionally suggest that a solvent molecule coordinates to the Ni 2? ion of the Cys ? Ser NiSOD mutants, to complete a distorted O h coordination sphere.
Discussion
NiSOD is unique among the family of SODs, as its active site features an N-terminal amine, a deprotonated amide, and ciscysteineate ligands [24, 25] . Coordination of the latter residues to the Ni center is particularly unusual in the context of SOD catalysis, as thiolates are readily modified by strong oxidants [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . However, Cys coordination in NiSOD is consistent with the notion that Ni-containing metalloenzymes featuring Ni-thiolate interactions are redox-active, whereas Ni-containing proteins with Ni-N/O coordination spheres are redox-inactive [46] . In [63] , the necessity for the Cys residues with respect to the NiSOD activity was demonstrated by constructing a series of Cys ? Ser NiSOD mutants. Alteration of one (C2S and C6S NiSOD) or both Cys residues (C2S/C6S NiSOD) led to access to the Ni potential [63] . Additionally, the Cys ? Ser mutations induced changes in both the geometric and the electronic structures of the active sites, which was particularly evident from the C2S, C6S, and C2S/C6S NiSOD EPR and EXAFS data [63] . In this study, we employed various spectroscopic and computational tools to further characterize the active sites of the Cys ? Ser NiSOD mutants. Key insights from our studies are summarized below, and possible implications for the lack of catalytic activity displayed by these mutants are discussed.
EPR studies of the Cys ? Ser NiSOD mutants established that the active site contains exclusively Ni 2? [63] . However, discrimination between a low-spin (S = 0) or a high-spin (S = 1) electronic configuration for the Ni 2? center was not possible because high-spin Ni 2? systems are typically subject to a large zero-field splitting, and are thus ''EPR-silent'' when using X-band microwave frequencies [89] . To address this issue, we employed MCD spectroscopy, which is uniquely sensitive to paramagnetic centers [88] . The temperature dependence of the mutants' MCD features undoubtedly reveals that each mutant contains a high-spin Ni 2? ion. The lack of any significant differences among the electronic absorption, CD, MCD, and EXAFS [63] data of the C2S, C6S, and C2S/C6S NiSOD mutants demonstrates that all three species possess very similar active-site geometric and electronic structures. This finding strongly suggests that the remaining Cys residue in the single mutants is not coordinated to the metal center, but is instead replaced by an O-donor ligand, resulting in an active site similar to that of C2S/C6S NiSOD. Hence, it appears that mutation of one Cys residue to a Ser in C2S and C6S NiSOD drastically weakens the bonding interaction between the Ni d orbitals and the Cys S-based orbitals, thereby preventing coordination of the remaining Cys to the Ni 2? ion. This hypothesis is supported by the fact that high-spin, O h Ni 2? centers with N/O/S [121] and N/S [122] [123] [124] coordination spheres exhibit rather large Nithiolate bond distances of approximately 2.4 Å , as compared with the distance of about 2.2 Å for analogous square-planar (S = 0) Ni 2? systems [33, 58, 125, 126] . Therefore, it seems that the inability of Cys to coordinate the Ni center in C2S and C6S NiSOD is partially intrinsic to the high-spin configuration of the Ni 2? ion, and is partially due to the unique ligand environment imposed by the enzyme. In the synthetic complexes, the difference in Ni-S distances for S = 0 and S = [127, 128] . Although our MCD and computational data strongly favor a six-coordinate, distorted O h Ni 2? ligand environment for the Cys ? Ser NiSOD mutants, the electronic absorption and XAS data obtained for these species appear to be more consistent with a lower coordination number. In particular, the Ni K-edge region, commonly used to probe the active-site coordination geometry of Ni-containing proteins and enzymes [64, [129] [130] [131] [132] , was found to exhibit peak areas of the features associated with the Ni 1s ? 3d transitions that are characteristic of a five-coordinate Ni 2? active-site [63] . Moreover, a relatively intense Ni 1s ? 4p(z) feature was observed in the XAS spectra of all three Cys ? Ser NiSOD mutants, signifying a significant deviation from inversion symmetry of the Ni 2? center [132] . To reconcile these XAS data with our MCD and computational results, the effect of a partial dissociation of the coordinated solvent ligand on the spectroscopic properties of the Cys ? Ser NiSOD mutants was analyzed computationally by systematically varying the Ni-OH 2 bond distance of the C2S/C6S 6-c model and using TD-DFT to compute the electronic absorption spectrum for each of the distorted models (Fig. 11, Table 4 ). These computations suggest that the LF transitions steadily shift to lower energy when the Ni-OH 2 bond length is increased from its equilibrium value of 2.57 Å . owing to the large stabilization of this orbital in response to a weakening of the Ni-OH 2 r-antibonding interaction. Alternatively, transitions terminating in the Ni d(x 2 -y 2 )-based MO are expected to display only minor redshifts, because the energy of this orbital is fairly insensitive to changes in the Ni-OH 2 bond length.
A comparison of the TD-DFT-computed electronic absorption spectra for C2S/C6S
6-c and the distorted activesite model with a Ni-OH 2 bond length of 3.02 Å reveals significant differences in terms of their transition energies 6-c active-site models with differing Ni-OH 2 bond lengths (as indicated on the left). The unperturbed model has a Ni-OH 2 bond length of 2.57 Å . The TD-DFT-computed electronic absorption spectrum for the C2S/C6S
5-c active-site model is included at the bottom for comparison and intensities (Fig. 11, Table 4 ). In particular, the overall absorption intensity is substantially higher for the perturbed C2S/C6S 6-c model than for the geometry-optimized C2S/C6S 6-c model, and a substantial red-shift is predicted for band 1 upon elongation of the Ni-OH 2 bond. Nonetheless, the computed electronic absorption spectra for these two models are qualitatively remarkably similar to one another (Fig. 11) . Therefore, the electronic structure of the perturbed C2S/C6S 6-c model (Ni-OH 2 bond length of 3.02 Å ) is in many ways reminiscent of that of a genuine six-coordinate Ni 2? complex, even though its geometric structure is more consistent with a five-coordinate Ni 2? species. On the basis of this analysis, we propose that the Ni-OH 2 bond distance in the Cys ? Ser NiSOD mutants is unusually large, which would explain why seemingly contradictory conclusions were drawn with regard to the coordination number of the Ni 2? ion from our MCD and DFT results on the one hand and the XAS data obtained by Ryan et al. [63] on the other.
Factors contributing to catalytic inactivity of the Cys ? Ser NiSOD mutants An evaluation of the two C2S/C6S NiSOD active-site models considered in light of our CD, MCD, and TD-DFT data strongly favors the six-coordinate model (C2S/C6S 6-c ) over the five-coordinate model (C2S/C6S 5-c ). Therefore, the electronic structure of C2S/C6S 6-c is used here to explore why the replacement of one or both active-site Cys residues by Ser completely abolishes the catalytic activity of NiSOD (note that the same basic conclusions would be reached by considering the electronic structure of the C2S/ C6S 5-c model). The bonding description for C2S/C6S 6-c indicates that the frontier MOs are largely composed of Ni 3d and amide N/O-based orbitals. The lack of any orbital contributions from the neutral Ser residues is a direct reflection of the low r-and p-donor strengths of these ligands. In contrast, in wild-type NiSOD red the Cys residues engage in highly covalent Ni-S bonding interactions, as evidenced by the large S(r) and S(p) contributions to the corresponding frontier MOs [43] . It is, therefore, not surprising that the Cys ? Ser NiSOD mutants exhibit a strong preference for a high-spin Ni 2? configuration, while a diamagnetic Ni 2? center is observed for NiSOD red . Recent computational work on a NiSOD red active-site model revealed that the interactions between the Cys S(p) and Ni d(p)-type orbitals in the HOMO and HOMO-1 are essential for the reduction of O 2 Á-and the stability of NiSOD ox [43] . Similarly strong Cys S(p)/Ni d(p) bonding interactions were found to exist in the reduced state of NiSOD mimics [37, 133] . We therefore conclude that a major factor contributing to the lack of catalytic activity displayed by the Cys ? Ser NiSOD mutants is the destabilization of the Ni 3? state. In fact, our spectroscopic and computational data provide compelling evidence that both active-site Cys residues are needed to lower the Ni 3?/2? potential enough to allow access to the Ni 3? state and, thus, to equip wild-type NiSOD with the ability to catalyze the reductive half-reaction in the catalytic cycle of O 2 Á-disproportionation (Eq. 2).
In strong support of this proposal, electrochemical studies of square-planar, low-spin (S = 0) Ni 2? thiolate complexes [57, 58, 134] revealed that a chemical modification of the thiolates by alkylation [40, 41] or oxygenation [33, 36, 37] significantly increases the Ni 3?/2? potential and even provides access to the Ni 2?/? redox couple [135] . Additionally, considering the proposed coordination of neutral Ser residues in the C2S/C6S NiSOD active site, it is conceivable that imposing a positive charge on the active site would raise the Ni 3?/2? potential even further and thus inhibit access to the Ni 3? state. Based on the similar geometric and electronic structures of all three Cys ? Ser NiSOD mutants investigated, a similar conclusion can be drawn for the inactivity of the C2S and C6S NiSOD variants. 
